The latter group is especially important because they require further evaluation to identify the true cause of their cognitive impairment. A pathologybased biomarker also could be useful for the early identification of individuals at risk for developing AD, 5 and to facilitate testing of experimental disease-modifying drugs that target ␤-amyloid. 6 The definitive postmortem diagnosis of AD requires the presence of progressive dementia during life and the presence of neuropathological lesions (ie, neuritic plaques composed of ␤-amyloid aggregates and neurofibrillary tangles formed from hyperphosphorylated tau protein). 7, 8 The 11 C-labeled Pittsburgh compound B ( 11 C-PiB) was the first positron emission tomographic (PET) ligand to selectively visualize ␤-amyloid in living patients. 9 , 1 0 However, the 20-minute half-life of 11 C-PiB limits its use to specialized research centers and highlights the need for 18 F-ligands to make ␤-amyloid PET imaging broadly available.
Several ligands are currently under study, including florbetapir F 18 ( 18 F-AV-45), 1 8 F-flutemetamol ( 1 8 F-GE067), florbetaben ( 18 F-BAY94-9172), and 18 F-FDDNP. [11] [12] [13] [14] Of these, florbetapir F 18 ( 18 F-AV-45) is in wide use as a research biomarker in the Alzheimer Disease Neuroimaging Initiative 15 and in several phase 3 clinical trials of experimental AD drugs.
Previous studies with florbetapir F 18 demonstrated high affinity and specificity to ␤-amyloid and favorable pharmacokinetics. 16, 17 It is rapidly cleared from circulation with only 10% remaining 20 minutes after injection. The ligand rapidly enters the brain with clear separation between individuals with and without amyloid seen 20 minutes after injection. 17 In brains presumed to have aggregated ␤-amyloid, maximum uptake occurs approximately 30 minutes after injection and remains essentially unchanged for the subsequent 60 minutes, 17 providing a wide time window to obtain a 10-minute image. Wholebody radiation dosimetry studies in humans indicated that the organs with the highest exposure are the gallbladder, intestines, liver, and urinary bladder. 16, 17 However, the definitive relationship between the florbetapir-PET image and ␤-amyloid deposition has not been established.
We report the results of the first phase 3 multicenter study, to our knowledge, conducted in individuals at the end of life who consented to both florbetapir-PET imaging and brain donation after death. The goal of the study was to determine the qualitative and quantitative relationship between the florbetapir-PET image and postmortem ␤-amyloid pathology. PET images also were obtained in younger individuals (age Յ50 years) presumed to be free of brain amyloid to better understand the frequency of a falsepositive florbetapir-PET image.
METHODS
From February 2009 through March 2010, the study enrolled 152 individuals approaching the end of life to obtain 35 postmortem evaluations (brain autopsies) from those who received PET imaging 12 months or less prior to death. Individuals were recruited from in-patient and community hospice programs, long-term care facilities, and outpatient community health care facilities. The main inclusion criteria included a physician's assessment that the individual was likely to die within 6 months of study enrollment, absence of any known destructive lesion in the brain (eg, stroke or tumor), and the individual's willingness to have florbetapir-PET imaging followed by a brain autopsy at the time of death. Each participant received a brief physical, neurological, and cognitive evaluation that included assessments of memory, language, and constructional praxis. In the 35 individuals who were autopsied, the major comorbidities were hypertension (66%), cancer (49%), cardiac disease (46%), chronic lung disease (37%), and diabetes (29%). The primary study clinical diagnosis and cause of death (as noted by the study physician) are listed in TABLE 1.
The postmortem evaluations for the first 6 participants were evaluated separately as part of a preplanned interim analysis. The final 29 postmortem evaluations comprised the primary analysis data set.
A second group of 74 young cognitively normal, healthy individuals (aged 18-50 years) were recruited from the community and were evaluated using the same clinical assessment and PET imaging protocol as those in the autopsy cohort to determine (among individuals who presumably had no ␤-amyloid) the proportion that were categorized correctly by a florbetapir-PET scan as amyloid negative.
For all participants in this study, written informed consent was provided by the individual or by his/her designated decision maker and the study was approved by institutional review boards.
Florbetapir-PET Imaging Acquisition and Interpretation
Participants were imaged at 23 sites using clinical PET and PET/computed tomographic scanners. Each participant underwent a 10-minute PET scan, which began 50 minutes after receiving an intravenous bolus of 370 MBq (10 mCi) florbetapir F 18. Images were acquired with a 128 ϫ 128 matrix (zoom ϫ2) and were reconstructed using iterative or row action maximization likelihood algorithms.
Florbetapir-PET images were assessed visually using a semiquantitative score ranging from 0 (no amyloid) to 4 (high levels of cortical amyloid) by 3 board-certified nuclear medicine physicians who were not involved in any other aspects of the study. The only experience these physicians had with florbetapir-PET imaging occurred during a half-day training session. The median rating of the readers served as a primary outcome variable. Readers were blinded to clinical, demographic, and neuropathological information and viewed and rated images under the supervision and at the facility USE OF FLORBETAPIR-PET FOR IMAGING 〉-AMYLOID PATHOLOGY of the imaging core laboratory (ImageMetrix, a division of the American College of Radiology, Philadelphia, Pennsylvania). The initial 6 postmortem evaluations were rated by 4 readers and the median rating of the 4 raters served as the primary outcome variable for these 6 participants.
For the younger control cohort, the PET images were mixed in random order with 40 images from the autopsy cohort that had a median visual read score between 2 and 4 (inclusive). To remove image recognition bias, these images were rated as amyloid positive or negative at ImageMetrix by a different group of 3 external readers. The majority rating was used as the primary outcome variable for this analysis.
A semiautomated quantitative analysis of the ratio of cortical to cerebellar signal (SUVr) also was performed for florbetapir-PET images from all study participants. The images were first normalized to a standard template in the Talairach space and then the SUVrs were calculated for the 6 predefined cortical regions of interest (frontal, temporal, parietal, anterior cingulate, pos- The 4G8 immunohistochemistry shows precuneus gray matter with aggregated ␤-amyloid (red) using a 3-amino-9-ethyl-carbazol chromogen stain and counterstained with acid blue 129 (original magnification ϫ5).
USE OF FLORBETAPIR-PET FOR IMAGING 〉-AMYLOID PATHOLOGY
terior cingulate, and precuneus). The whole cerebellum was used as the reference region.
Neuropathological Evaluation
At the time of death, the brain was removed following standard autopsy procedures and placed in fixative for 2 weeks prior to dissection by an experienced neuropathologist (T.G.B.) at Banner Sun Health Research Institute (Sun City, Arizona). Two or 3 tissue blocks from 7 regions (frontal, temporal, parietal, anterior and posterior cingulate, precuneus, and cerebellum) from both hemispheres were dissected using a standard atlas for guidance. Tissue blocks were processed, embedded in paraffin, and two 6-µm thick tissue sections from each block, separated by approximately 500 µm, were cut and mounted on slides. Two independent methods were used to identify and quantify ␤-amyloid aggregation. The ␤-amyloid antibody 4G8 (1:2000 dilution; Covance, Emeryville, California) was used to quantify ␤-amyloid aggregation in tissue sections using an automated immunostainer and following established immunohistochemistry methods. Visualization was accomplished using ultravision polymer-horseradish peroxidase amplification (Laboratory Vision, Freemont, California) and detected with 3-amino-9-ethylcarbazole chromogen, which was counterstained with acid blue 129. The stained slides were digitized using a high-resolution, automated slide scanner Zeiss MIRAX (Carl Zeiss Canada Ltd, Toronto, Ontario, Canada).
Image quantification was performed using the Permits image processing and analysis software (Biospective Inc, Montreal, Quebec, Canada). This automated quantification method segments chromogen-positive pixels to generate a parametric map of ␤-amyloid positivity. The ␤-amyloid burden (percentage of gray matter containing ␤-amyloid aggregates) was calculated for each tissue section. The value for each anatomical region was based on the mean obtained using values from all slides from that region (FIGURE).
␤-Amyloid neuritic plaque density was determined using a Bielschowsky silver stain applied to 6-µm thick sections from each cortical region of interest and the cerebellum (Rush University Medical Center, Chicago, Illinois). Plaque density was scored on 2 sections from each anatomical region by 2 independent experienced neuropathology raters and was reviewed by a senior neuropathologist ( J.A.S.). All of the raters were blinded to the participant's demographic, clinical, and imaging results. The mean density for both neuritic and diffuse plaques was summarized by anatomical region using a 4-point semiquantitative scale (0 = none, 1 = sparse, 2 = moderate, 3 = severe).
In addition, a neuropathological diagnosis was made using standardized criteria as described by Braak and Braak, 1 8 the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) 19 (modified to exclude age and clinical information), and the National Institute on Aging (NIA) and Reagan Institute Working Group on Diagnostic Criteria for the Neuropathological Assessment of Alzheimer's Disease (NIA/ Reagan Institute criteria). 8 The pathological diagnosis of AD was independently confirmed by a second neuropathologist (T.G.B.). There was complete agreement by the neuropathologists for all participants with a diagnosis of AD. The final neuropathological diagnosis for all 35 participants in the autopsy cohort is provided in the eTable at http://www .jama.com.
Statistical Analysis

Correlations of Florbetapir-PET Signal With Postmortem Histopathology.
The correlations between the florbetapir-PET signal (measured by visual score or SUVr) and cortical ␤-amyloid pathology (measured by immunohistochemistry or by silver stain) were evaluated using the Spearman rank correlation coefficient. The primary analysis tested the correlation between the semiquantitative visual rating of global cortical ligand retention on florbetapir-PET and the mean cortical ␤-amyloid in the corresponding tissue as determined by quantitative immunohistochemistry. Adjustment was made for multiple comparisons for the 13 correlation tests using the Bonferroni method. The experiment-wise type I error rate was 5%. In TABLE 2, all of the P values were less than .001 for each row of data; the P values were multi- plied by 13 to adjust for multiple comparisons. Sample size calculations were performed using a correlation of 0.55, giving the study 90% power to detect a significant correlation in the primary analysis with 29 participants to be evaluated by autopsy. Except where indicated, correlations are based on data from the 29 participants in the primary analysis cohort. There were no significant differences when the analysis was repeated using all 35 autopsied participants. Analysis in the Young Healthy Cohort. A second co-primary hypothesis was that 90% or greater of the young healthy participants negative for the apolipoprotein E ε4 (ApoE ε4) allele would have a florbetapir-PET image that was read as ␤-amyloid negative. Analysis included calculation of the upper and lower 95% confidence intervals (CIs) for the percentage read as negative. Sample size calculations indicated that 40 participants would be sufficient to ensure that the lower 95% CI would be 80% or greater if the hypothesis was true. STATA version 11.1 (StataCorp, College Station, Texas) was used to perform all statistical analyses.
RESULTS
Of the 152 participants in the study, 2 were withdrawn by the site investigator for excessive movement artifact. Images were not acquired for 3 participants because of a PET camera failure, leaving 147 participants with valid images. Two participants died without autopsy (consent withdrawn by the family at the time of death). Table 1 lists the study diagnostic category, age at death, and clinician-noted cause of death for each of the 35 participants who were autopsied. The first 6 participants were used in an interim analysis and the next 29 were used in the primary analysis.
In the primary analysis cohort (n = 29), the mean interval from florbetapir-PET imaging to death was 99 days (range, 1-377 days). Based on the assessment of the enrolling physician, the cognitive status of individuals in the autopsy cohort varied from having normal cognition to severe dementia at the time of imaging (TABLE 3). Among the 29 individuals in the primary analysis cohort, 31% were not considered to be cognitively impaired by the enrolling physician, 7% were considered mildly impaired but without dementia, 45% had a clinical diagnosis of AD, and 17% had a clinical diagnosis of a non-AD dementia.
Of the 74 young healthy participants, 47 had genotyping that was negative for the ApoE ε4 allele. Characteristics of these participants are summarized in TABLE 4. All 74, including those carrying the ApoE ε4 allele, had a florbetapir-PET image that was rated as amyloid negative. There was good agreement among the nuclear medicine physicians' visual ratings of the florbetapir-PET images. Pairwise agreement ranged from 91% (=0.68) to 99% (=0.98). Table 1 summarizes the imaging and autopsy results from all 35 participants who were autopsied (ie, the 29 participants in the primary analysis autopsy cohort plus the 6 participants from the interim analysis portion of the study). As shown in Table 2 , there was good correlation between the wholebrain florbetapir-PET visual image scores and the postmortem amyloid pathology as measured by immunohistochemistry (Bonferroni , 0.78 [95% CI, 0.58-0.89]; PϽ.001) and silver stain neuritic plaque score (Bonferroni , 0.71 [95% CI, 0.47-0.86]; PϽ.001). Similarly, there was good correlation between the whole brain SUVr and amyloid burden as measured by immuno- PϽ.001). The strength of the intermethod correlations (eg, PET visual read to immunohistochemistry) were similar to that for the intramethod correlations (eg, PET visual read to PET SUVr, pathology immunohistochemistry to pathology plaque score).
Fifteen participants in the primary analysis autopsy cohort met pathological criteria for AD (CERAD: probable or definite AD; NIA/Reagan Institute criteria: intermediate to high likelihood of AD). Of these 15 participants, 14 had florbetapir-PET scans that were interpreted as visually positive (median read Ն2), giving a sensitivity of 93% (95% CI, 68%-100%).
Fourteen participants in the autopsy cohort had low levels of ␤-amyloid aggregation on the postmortem examination and did not meet CERAD or NIA/Reagan Institute pathological criteria for AD. All 14 had florbetapir-PET scans that read as negative, yielding a specificity of 100% (95% CI, 76.8%-100%).
In total, the blinded read results for the florbetapir-PET images agreed with the final autopsy with respect to the presence or absence of neuropathological criteria of AD in 28 of 29 cases. The neuropathological diagnosis in the participants who did not meet pathological criteria for AD included dementia with Lewy bodies, hippocampal sclerosis, Parkinson disease, subcortical microscopic infarcts, mesial temporal lobe neurofibrillary tangles, neurofibrillary tangles with argyrophilic grains and glial tauopathy, and no neuropathology (eTable at http://www.jama.com).
On an exploratory basis, the clinical diagnosis was compared with the final autopsy diagnosis. Of the 15 participants in the autopsy cohort who had dementia diagnoses in life (AD or other dementias), the clinical diagnosis did not match the final autopsy diagnosis in 3 (20%). Of these 3, one was diagnosed with probable AD in life (but was negative for AD at autopsy) and 2 were clinically diagnosed with other dementing disorders (1 each with Parkinson disease dementia and Lewy body dementia, but both received a final autopsy diagnosis of AD) (eTable). Florbetapir-PET imaging correctly predicted the presence or absence of significant ␤-amyloid pathology in all 3 participants.
COMMENT
Before florbetapir-PET measures of ␤-amyloid can be accepted in clinical practice, the degree to which the imaging ligand accurately identifies pathology in living patients must be clearly demonstrated. Based on autopsy reports and imaging and nonimaging data, it is increasingly accepted that the pathology of AD may begin years prior to symptomatic cognitive decline. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] A valid imaging-to-autopsy correlation study can only be accomplished by minimizing the interval between florbetapir-PET imaging and measuring the degree of ␤-amyloid pathology. To accomplish this goal, we recruited individuals approaching the end of life to demonstrate that findings on florbetapir-PET images are consistent with the presence and density of cortical ␤-amyloid aggregates found at autopsy.
The ability of this molecular imaging ligand to identify a key pathological signature of AD was demonstrated using both an objective automated immunohistochemistry measurement to quantify the ␤-amyloid burden and a traditional silver stain to identify and quantify the density of neuritic amyloid plaques. These measures of ADassociated pathology correlated well with both the visual assessment of the florbetapir-PET scan and the mean cortical SUVr (an automated quantitative measure of regional ligand retention in 6 predefined cortical areas). Ours are the first prospective, multicenter results that demonstrate it is possible to both directly identify and quantify the presence of ␤-amyloid aggregates using a molecular imaging procedure. This technique will allow future studies to identify the presence of ␤-amyloid in the brains of individuals when the symptoms are quite mild, and many years before their death.
The development of standardized clinical criteria for the diagnosis of AD 7 in 1984 provided guidelines that could be used to increase the validity of the diagnosis while allowing for a degree of uncertainty. The magnitude of this uncertainty is reflected in the failure to find postmortem evidence of AD pathology in up to 20% of patients diagnosed with AD during life. A proposal to include pathologically-linked biomarkers of AD in the clinical diagnostic criteria 30 has the potential to improve diagnostic accuracy, especially at the earliest symptomatic stage.
Our study suggests that a florbetapir-PET image provides an accurate and reliable assessment of amyloid burden. However, while amyloid pathology is a sine qua non for an AD diagnosis, clinically impaired function may depend, in part, on the ability of the individual's brain to tolerate aggregated amyloid. Genetic risk factors, lifestyle choices, environmental factors, and neuropathological comorbidities may alter the threshold for the onset of cognitive impairment associated with ␤-amyloid aggregation. 31, 32 There is now a growing body of evidence that the presence of ␤-amyloid aggregates in individuals prior to de-veloping AD is a significant and independent risk factor for cognitive impairment and eventual development of AD. 26, 33, 34 Therefore, brain florbetapir-PET imaging of ␤-amyloid aggregates has the potential to improve selection and monitoring of patients considered candidates for studies of diseasemodifying AD treatments.
Our study has several limitations, including the relatively small sample size of the autopsy cohort (n=35) and the use of a young, cognitively healthy nonautopsy cohort to determine the likelihood that a florbetapir-PET image would falsely suggest the presence of aggregated amyloid. The readings were performed by 3 trained nuclear medicine physicians and the median of the 3 results was used in the analysis, which is a process not likely to be replicated in clinical settings. Additionally, the individuals who participated in this study do not represent those who would typically be undergoing an evaluation for new-onset cognitive impairment, but rather were selected for their unique ability to provide information about the ability of florbetapir-PET imaging to accurately identify and quantify ␤-amyloid with the shortest interval between imaging and definitive pathological evaluation possible. Furthermore, standardized criteria for AD and mild cognitive impairment were not used.
CONCLUSIONS
Florbetapir-PET imaging performed during life in this study correlated with the presence and density of ␤-amyloid at autopsy. This prospective imaging to autopsy study provides evidence that a molecular imaging procedure can identify ␤-amyloid pathology in the brains of individuals during life. Understanding the appropriate use of florbetapir-PET imaging in the clinical diagnosis of AD or in the prediction of progression to dementia will require additional studies.
